We present results based on follow-up observations of the Type II-plateau supernova (SN) 2013ej at 6 epochs spanning a total duration of ∼37 d. The R c -band linear polarimetric observations were carried out between the end of the plateau and the beginning of the nebular phases as noticed in the photometric light curve. The contribution due to interstellar polarization (ISP) was constrained by using couple of approaches, i.e. based upon the observations of foreground stars lying within 5 ′ and 10
INTRODUCTION
Core-collapse Type II-Plateau supernovae (II-P) are the specific events which show hydrogen lines in their optical spectra along with a plateau like structure in the optical light curve (see Filippenko, 1997 , for a review on different Types of SNe). These events mark the end stages of the lives of massive stars (M > 8 -10 M ⊙ ; Heger et al., 2003; Anderson & James, 2009 ). After explosion, the hydrogen recombination wave recedes through the outer envelope and all the energy deposited by the shock is slowly released (e.g. Popov, 1993; Kasen & Woosley, 2009) . It shows nearly constant luminosity i.e. plateau phase in the light curve. The plateau phase ends after approximately 100 days as the thick hydrogen envelope becomes optically thin and consequently a sudden drop in luminosity imprints the phase of transition. The radioactive decay of 56 Co into 56 Fe powers the post-plateau phase of the light curve, which in turn depend upon the amount of 56 Ni synthesized during the explo-⋆ E-mail: brajesh.kumar@iiap.res.in sion (for different evolutionary phases of the light curve, see Grassberg, Imshennik & Nadyozhin, 1971; Falk & Arnett, 1977; Barbon, Ciatti & Rosino, 1979; Utrobin, 2007) .
The geometry of these energetic events has been studied in detail using spectropolarimetric, imaging polarimetric techniques (e.g. Barrett, 1988; Jeffery, 1991a; Leonard et al., , 2006 Chugai, 2006; Chornock et al., 2010; Leonard et al., 2012; Wang & Wheeler, 2008; Kumar et al., 2014) , and computer simulations (Hoflich, 1991; Kasen et al., 2006; Dessart & Hillier, 2011a) . The first quantitative polarization study of SNe atmosphere was conducted by Shapiro & Sutherland (1982 , see also Serkowski (1970 ). The observed degree of polarization in these SNe may vary during various evolution phases, indicating the change in SN geometry and/or ejecta (e.g. density and ionization) but the intrinsic polarization has been found only up to ∼1.5 per cent (Wheeler, 2000; ; Chornock et al., 2010) . It is interesting to note that although in volume-limited studies of nearby CCSNe, a large fraction (around 50 per cent) belongs to II-P SNe (see Eldridge et al., 2013; Smith et al., 2011) , their polarization stud-ies comparatively remain quite small. Multi-epoch spectropolarimetric studies of Type II-P SN 1999em and SN 2004dj are available in the literature. found that polarization in SN 1999em jumped from ∼0.2 per cent (day 7) to ∼0.5 (day 160) but without significant change in polarization angle. In a similar study of the nearby (distance ∼3.13Mpc) SN 2004dj, Leonard et al. (2006) observed no detectable intrinsic polarization during the plateau phase, but there was a sudden jump up to ∼0.6 per cent at the end of plateau phase as the photosphere enters the core ejecta. However, it is interesting to mention that in contrary to SN 1999em, SN 2004dj displayed rotation in polarization angle, a possible signature of the clumpy nature of Ni distribution (Leonard et al., 2006) . From the above studies, it could be inferred that despite the similarity in the photometric and spectral features, II-P SNe show diverse nature in their polarization properties.
Polarimetric follow-up observations of various II-P SNe can provide very useful information about these events such as the geometry of the ejecta, circum-stellar material (CSM), the shape of the progenitor and the explosion mechanism, etc. An additional advantage of the polarimetric study of II-P SNe is in the use of these objects as extra-galactic distance indicators through the expanding photosphere method (EPM; Kirshner & Kwan, 1974; Eastman, Schmidt & Kirshner, 1996; Dessart & Hillier, 2005; Jones, Hamuy, Lira et al., 2009; Bose & Kumar, 2014) . The basic assumption of the EPM technique is a spherically symmetric flux distribution during the early stage i.e. the plateau phase. However, as shown by , 10 per cent asphericity may produce an EPM distance that overestimates the actual distance by ∼5 per cent for an edge-on view and underestimates it by ∼10 per cent for a face-on line of sight. Considering the opportunity of a bright (apparent V magnitude at maximum light ∼12.5 mag; Richmond, 2014) nearby SN 2013ej in NGC 628, here we present the Cousins R c -band imaging polarimetric study of this object.
NGC 628 and its observed CCSNe
NGC 628 (also known as Messier 74; M 74) is an interesting nearby galaxy situated in the Pisces constellation. It is a face-on spiral galaxy (prototype SAc) with prominent spiral arms and dust lanes. In the sky, NGC 628 is located far away from the Galactic disk and therefore, is a natural target for the multi-wavelength observations (cf. Soria & Kong, 2002; Krauss et al., 2005; Auld et al., 2006; Cornett et al., 1994; Kilgard et al., 2005 , and references therein). The study of star formation scenario and supernova remnants in this galaxy are also available in literature (e.g. Elmegreen et al., 2006; Lelièvre & Roy, 2000; Sonbaş et al., 2010) .
Within a distance of 10 Mpc (for latest distance estimation, see Jang & Lee, 2014; Huang et al., 2015 , and references therein), NGC 628 is one of the nearby galaxies which interestingly hosted three CCSNe (i.e. SN 2002ap, SN 2003gd and SN 2013ej) . SN 2002ap was discovered on 2002 January 29 (Nakano et al., 2002) and soon classified as a Type Ic event. Due to the specific broad spectral features, it was further recognized as a hypernova 1 (Kinugasa et al., 2002b; Meikle et al., 2002; Gal-Yam et al., 1 These are highly energetic explosions having kinetic energy of the order of 10 52 ergs (Iwamoto et al., 1998 2002b; Filippenko & Chornock, 2002) . Along with detail optical spectroscopic and photometric study (c.f. Mazzali et al., 2002; Gal-Yam et al., 2002a; Kinugasa et al., 2002a; Foley et al., 2003; Pandey et al., 2003a,b; Vinkó et al., 2004) , this event was also monitored in different wavelengths e.g. radio (Berger et al., 2002; Soderberg et al., 2006) , X-rays (Sutaria et al., 2003; Soria et al., 2004) and UV (Soria & Kong, 2002 Kim et al., 2013) . The spectra taken on July 27.7 ut by Valenti et al. (2013) using FLOYDS spectrograph led to the classification of the transient as a young Type II SN. The explosion date of the SN has been estimated with a precision of one day. In our study we consider the shock breakout date JD 2456497.45 (Valenti et al., 2014) as the time of explosion.
Based on archival pre-explosion images from Hubble Space Telescope and Gemini telescope, Fraser et al. (2014) have studied the progenitor's properties. They provided a mass range of 8-16 M ⊙ by assuming that the progenitor star was a red supergiant. Furthermore, this event was monitored by several groups. Valenti et al. (2014) and Richmond (2014) , respectively presented the initial two weeks photometry (U BVRI/griz, swi f t − uvot) and about 6 months photometry (BVRI). Similarly Bose et al. (2015) and Huang et al. (2015) have analysed the U BVRI, swi f t − uvot and near-infrared photometry along with optical spectroscopy. In addition, Leonard et al. (2013) reported earliest spectropolarimetry observations (taken on August 1.35 ut) obtained with the ESO Very Large Telescope (VLT). Their analysis revealed SN 2013ej to be an usual event showing strong polarization at a very early phase (∼1.3 per cent at 430 nm to ∼1.0 per cent at 920 nm).
In this paper, we investigate the polarimetric properties of SN 2013ej using the R c -band imaging polarimetry. In Section 2, we present the observations and data analysis. Estimation of intrinsic polarization is described in Section 3 and finally, we discuss the results and summarize our conclusions in Section 4.
OBSERVATIONS AND DATA ANALYSIS
We collected broad band polarimetric data of SN 2013ej at six epochs: 2013 October 30; November 01, 04, 10 and December 04, 05 as listed in Table 1 . These observations were conducted using the ARIES Imaging Polarimeter (AIMPOL, Rautela, Joshi & Pandey, 2004) mounted at the Cassegrain focus of the 104-cm Sampurnanand telescope (ST) at Manora Peak, Nainital. This polarimeter consists of a half-wave plate (HWP) modula- Fig. 1 and IDs inside the parenthesis belongs to 2MASS. tor and a Wollaston prism beam-splitter. The Wollaston prism analyzer is placed at the backend of the telescope beam path in order to produce ordinary and extraordinary beams in slightly different directions separated by 28 pixels along the northsouth direction on the sky plane. A focal reducer (85 mm, f/1.8) is placed between the Wollaston prism and the CCD camera. This camera consists of Tektronix 1024 pixels × 1024 pixels and its cooling is performed by liquid nitrogen. Each pixel of the CCD corresponds to 1.73 arcsec and the field-of-view (FOV) is ∼8 arcmin in diameter on the sky. The full width at half-maximum (FWHM) of the stellar images vary from 2 to 3 pixels. The readout noise and the gain of the CCD are 7.0 e − and 11.98 e − /ADU, respectively.
Our observations were carried out in standard R c (λ R e f f = 0.67µm) photometric band using only the central 325 pixels × 325 pixels of the CCD. Fig. 1 shows approximately 7 ′ × 6 ′ R c -band image acquired with the AIMPOL containing SN 2013ej in the host galaxy NGC 628. Four field stars marked with 'A', 'B', 'C' and 'D' were later used to constrain the interstellar polarization (see Section 3.1). Multiple frames were secured at each position angle of the HWP (i.e. 0
• , 22.5
• , 45
• and 67.5
• ). The typical individual exposure time was between 10-20 minutes at a particular position angle. To obtain good signal-to-noise ratio, all images at a given position angle were aligned and subsequently combined.
The dual-beam polarizing prism allows us to measure the polarization by simultaneously imaging both orthogonal polarization states onto the detector. Both the half-wave plate fast axis and the axis of the Wollaston prism are kept normal to the optical axis of the system. For such polarimeters, various Stokes parameters can be derived using standard procedures given elsewhere (e.g. Patat & Romaniello, 2006) . In the present analysis, fluxes of ordinary and extra-ordinary beams of the SN and field stars were extracted by standard aperture photometry after preprocessing using Kawabata et al. (2002) . Table 4 . Results of observed polarized standard stars. All standard values listed here are from Schmidt, Elston & Lupie (1992) except HD 43384 which is taken from Hsu & Breger (1982) .
Date of observation
the IRAF 2 package. The flux values were measured using aperture photometry at multiple apertures ranging from 2 to 8 pixels. These fluxes were used to derive Stokes parameters at each aperture (c.f. equation 1, Kumar et al., 2014) . Further, at each aperture, P and θ values were derived by fitting the Stokes parameters with the relation R(α) = P cos(2θ − 4α). Where, P and θ are degree of polarization and polarization angle, α is the position angle (0 • , 22.5
• ) of HWP. Final P and θ values were chosen at the aperture that best fit with minimum chi-square. Generally, best fit has always been witnessed between 4 to 6 pixels corresponding to 2 to 3 FWHM. Table 1 provides the estimated polarization measurements. The observed degree of polarization and polarization angle are denoted as P R (per cent) and θ R (
• ), respectively. To correct our measurements for the zero-point polarization angle, we performed observations of several polarized 2 IRAF is the Image Reduction and Analysis Facility distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation. standards stars taken from Schmidt, Elston & Lupie (1992) and Hsu & Breger (1982) . The results are given in Table 4 which indicate a good agreement (within the observational errors) with standard values. The difference between the observed and standard values were applied to the SN for the respective dates. It is worth mentioning that the instrumental polarization of focal reducers is known to grow from the optical axis to the edges of the field-ofview (Patat & Romaniello, 2006) . Nevertheless, the SN was observed slightly off-axis which yielded simultaneous imaging of few field stars along with the SN (see also Section 3.1.1). The instrumental polarization of AIMPOL on the 104 cm ST has been characterized and monitored since 2004 for different projects and generally found to be ∼0.1 per cent in R c -band (e.g., Rautela et al., 2004; Pandey et al., 2009; Eswaraiah et al., 2011 Eswaraiah et al., , 2013 Kumar et al., 2014; Soam et al., 2015 , and references therein). To verify this result, we further observed unpolarized standards stars G 191 B2B and HD 21447 from Schmidt, Elston & Lupie (1992) on different nights and their degree of polarization was estimated to be 0.13 ± 0.03 and 0.14 ± 0.05 per cent, respectively. However, in our analysis we have applied an average correction of 0.1 per cent to the observed polarization values of the SN.
It is worthwhile to note that present set of images were obtained in absence of a window mask on the focal plane. In such a set-up, the polarization study of well isolated bright stars normally do not impose any problem. But it may be an issue for the objects which are lying over diffuse backgrounds (e.g. SNe) because the background polarization is not removed properly. A variable amount of polarization may also be introduced due to different phases of moon and/or seeing effects. In our analysis we made an attempt to quantify the possible effect of contamination by the nebulous background on the final polarization measurements of SN 2013ej. A detailed description of the method is given in Appendix A. Our exercise suggests that although there is a nonnegligible nebulous background present around SN 2013ej, it does not significantly influence the final polarization measurements.
OBSERVATIONAL RESULTS

Constraining interstellar polarization
The interstellar polarization (ISP) is produced by differential extinction resulting from aspherical and spinning dust grains along the line of sight that are aligned in space by the Galactic magnetic field (see Whittet, 2003) . The ISP (either due to the Milky Way and/or host galaxy) may largely influence the observed SN polarization properties. For example, found an extraordinarily high degree of polarization (5.8 per cent) for SN 1999gi in the galaxy NGC 3184 but later, in a separate study, Leonard et al. (2002b) estimated that the previously derived value was heavily affected by ISP, and the intrinsic polarization of the SN was only in the range of 0.3 to 2.0 per cent. Therefore, to understand the intrinsic behavior of the SN polarization parameters, it requires careful accounting for the intervening interstellar medium. Due to unavailability of any standard method for the estimation of ISP, every possible measure should be considered to avoid any observational biases. Fortunately, ISP has been well studied in the Galaxy (e.g. Serkowski, Mathewson & Ford, 1975) . Furthermore, while SN polarization properties may show temporal variation, the ISP should be constant. Therefore, by constraining the ISP we can subtract it from the observed SN polarization parameters to obtain intrinsic polarization measurements of SN.
As mentioned in Section 1.1, along with SN 2013ej, NGC 628 had also hosted two additional CCSNe (c. • ; p isp = 0.61 per cent, θ isp = 122
• , respectively. The ISP characterization in the above cited studies provide us an insight about the dust properties in the direction of NGC 628 and enable us to evaluate intrinsic polarization properties of SN 2013ej. In the following sections, we present various approaches which we applied to obtain the intrinsic polarization measurements of SN 2013ej.
Fore-ground stars lying within 5 ′ radius of SN position
There are several isolated and medium brightness field stars situated within 5 arcmin radius of the SN location. Since AIMPOL provides the 8 arcmin diameter wider field-of-view, we are fortunate enough to observe several field stars along with SN. Therefore, during the period of our observations, we pointed the telescope in such a way that all those stars were also observed along with SN.
To characterize the polarization properties of these nearby stars, initially we selected six stars with good S/N ratio. Out of them, the trend of two stars were consistent with zero polarization within 3-sigma but the polarization of SN after plateau phase was significantly large. Therefore, we excluded two stars and only the remaining four field stars were considered for the further analysis. These are labelled with letters 'A' to 'D' as shown in Fig. 1 and their estimated polarization parameters are listed in Table 2 (Two Micron All-Sky Survey (2MASS, Skrutskie et al., 2006) IDs are also mentioned in the parenthesis). To cross-examine the effect of growing noise on polarimetric results of SN (especially towards the late epochs), it could have been interesting to derive the magnitudes of the fainter objects in the SN field. However, some of them are situated in the nebulous regions so we avoided those stars. Nonetheless, R c -band magnitudes of 'A'-'D' stars are mentioned in the footnote of Table 2 .
Fore-ground stars lying within 10 • radius of SN position
We examined the polarization measurements of several foreground Milky Way stars available in the ISP catalogue by Heiles (2000) . Within 10
• radius around the SN 2013ej, we selected only 9 stars which are isolated and do not show either emission features or variability flag in the SIMBAD data base. Out of them, 5 stars have distance information from Hipparcos parallax (van Leeuwen, 2007) . Distances of HD 8919 and HD 9560 have been adopted from (Kawabata et al., 2002) . Considering the fact that Heiles catalogue represents the polarization in a band different than ours, we have performed R c -band polarimetric observations of these stars and their estimated P and PA values are listed in Table 3 . Among this list, HD 11636 is only at a distance of ∼18 pc thus likely to skew the results because it is nearby and does not probe all material in the Galactic plane. We have excluded this star from our further analysis. The weighted mean values of remaining 8 stars are as follows:
<P heiles > = 0.025 ± 0.003, <PA heiles > = 125.08 ± 3.22 (for Heiles catalogue) and <P aimpol > = 0.044 ± 0.004, <PA aimpol > = 55.82 ± 2.26 (for AIMPOL R c -band), respectively. The polarization level (weighted mean) of these eight stars (<P aimpol >) as observed with AIMPOL (in R c -band) is indicated by a grey continuous line in Fig. 2. 
Extinction due to the Milky Way and the host galaxy
Based on the observations of various nearby Galactic stars, Serkowski, Mathewson & Ford (1975 , see also Whittet (2003 ) have provided an empirical relation between reddening and maximum ISP which is given as P ISPmax = 9 × E(B − V), where E(B − V) indicates the reddening value. Although this relation is not universal and has shown some violations (for example, Leonard et al., 2002c; Patat et al., 2011 , and references therein) but it is still valid for general investigation purpose.
The E(B − V) resulting from Milky Way interstellar matter in the line of sight of SN 2013ej was found to be 0.062 mag (Schlafly & Finkbeiner, 2011) which is corresponding to an extinction of 0.19 mag in V-band for total-to-selective extinction parameter R V = 3.1 (Cardelli et al., 1989) . Bose et al. (2015) have used high resolution echelle spectra (obtained on 79.5 d) and analysed the equivalent width of Na I D doublets to estimate the reddening in the line of sight of SN 2013ej. They clearly resolved these lines of the Milky Way, but Na I D impression for the NGC 628 was missing (see their fig. 2 ). This implies that the host galaxy contribution is negligible and only Galactic reddening is dominantly playing a role for the SN line of sight extinction. Valenti et al. (2014) have also concluded similar results (see their fig. 3 ). Now we consider total reddening in the direction of SN E(B − V) = 0.062 mag and thus, the maximum ISP relation gives the maximum degree of ISP towards the SN 2013ej as 0.558 per cent.
Estimation of SN intrinsic polarization
From the previous discussions, it is clear that MW dust is significantly contributing to the observed SN polarization measurements, and hence it must be subtracted. The foreground stars lying in 10
• radius around the SN gives us a general indication of the polarization in this region of sky and consequently along the SN line of sight. But, it is noteworthy to mention that polarization estimates of such sample of stars may not provide exact magnitude and direction of the ISP specially when these stars are beyond ∼1
• from the SN location (c.f. Tran, 1995; . Therefore, for the IPS contribution we focus only on those four stars which are within 5 ′ radius of the SN. Ideally, we should know the distance (or reddening) and the spectral features (which may infer that they are intrinsically unpolarized or not) of these field stars. However, practically it is not an easy task. A careful investigation of Fig. 2 (see also Table 2) indicates that in the course of follow-up observations, polarization parameters of these stars do not show significant variation. This homogeneity of the polarization values among 'A'-'D' stars may suggest that they represent uniform MW ISP in the direction of SN 2013ej. Subsequently, we derived the weighted mean of polarization parameters of these four stars. For each star 'A', 'B', 'C' and 'D', first we derived their individual weighted mean of polarization and polarization angles for each epoch as listed in Table 2 . Afterwards, the weighted mean of these values were estimated which are found to be 0.637 ± 0.001 per cent and 108.11 ± 0.04 degree. Let us denote it as <P 4s > and <PA 4s >, respectively, i.e. <P 4s > = 0.637 ± 0.001 per cent and <PA 4s > = 108.11 ± 0.04 degree, where suffix '4s' stands for 4 stars lying in the same fieldof-view of SN (within 5 ′ radius).
As mentioned previously that for SN 2002ap, Kawabata et al. (2002) , Leonard et al. (2002a) and Wang et al. (2003) have determined P isp as 0.64, 0.51 and 0.61 per cent, respectively. Although detailed polarimetric study of SN 2003gd (which was also discovered in the same galaxy, see Section 1.1) is not available in the literature, Leonard & Filippenko (2005) have mentioned about 1 per cent ISP contribution towards the line of sight of this object. The <P 4s > value (0.637 per cent) is much larger than <P aimpol > value (0.044 per cent), but it is comparable with the values derived in the previously mentioned studies as well as estimated from the maximum ISP and reddening relation given by Serkowski, Mathewson & Ford (1975) . Moreover, it seems that there is no noticeable extinction at the position of SN due to host galaxy (see Section 3.1.3). Above facts strongly suggest that total ISP contribution in the SN direction is not more than 0.637 per cent and the polarization parameters of 4 field stars around SN represent real ISP in the direction of SN 2013ej.
By following the methods as described in Kumar et al. ( 2014, see their Section 3.1), we have estimated and subtracted the ISP components from the observed SN polarization measurements. Firstly, observed P R and θ R of SN as well as four field stars were transformed into Stokes parameters, then weighted mean Stokes parameters of field stars were determined as <Q 4s > = -0.515 ± 0.001 per cent and <U 4s > = -0.378 ± 0.001 per cent. To obtain the intrinsic Stokes parameters of SN, the <Q 4s > and <U 4s > values were vectorially subtracted from the observed Stokes parameters of SN for each epoch. These values were further converted back to P int and θ int (see relations 5, 6, 7 and 8 in Kumar et al., 2014 , for more details). The intrinsic SN 2013ej polarization values (denoted as P int and θ int ) for each epoch are listed in column 6 and 7 in Table 1 .
In the left panel of within 5 ′ and 10
• radius around the SN location. In the right panel of the figure, intrinsic polarization angles of SN and 4 field stars are over plotted. The degree of polarization is known to be suffered from 'polarization bias' effects for errornous data having smaller P/σ P (e.g. Serkowski, 1958; Wardle & Kronberg, 1974; Patat & Romaniello, 2006) . Adopting a traditional, statistic correction as P real = P 2 − (σ P ) 2 , the P decreases by a factor of 0.25 for a data point having P/σ P = 2. Thus, we caution the reader that if we make corrections for de-bias, then our initial three estimated values of the SN will tend towards the null polarization.
DISCUSSION AND CONCLUSION
The polarimetric follow-up observations (including spectropolarimetry and broad band) of the Type II-P SNe are very limited, moreover the data sampling is sparse. In the literature, other than SN 2013ej, there are only 5 such events which have at least three epochs of polarization measurements and are extended up to the nebular phase. These include SN 2008bk (Leonard et al., 2012) , SN 2006ov (Chornock et al., 2010 ), 2004dj (Leonard et al., 2006 , 1999em ) and SN 1987A (Barrett, 1988) . We have compared their polarimetric properties in Fig. 4 along with SN 2013ej. It is worthy to mention here that except SN 2013ej, SN 1999em and SN 1987A, the explosion dates of other events are not known so precisely.
In Fig. 4 we have shown the R c -band photometric light curve of SN 2013ej from Richmond (2014), Bose et al. (2015) and also the magnitude estimated from AIMPOL polarimetric observations. To calibrate the observed AIMPOL SN magnitudes, we selected the secondary standard star from Richmond (2014, see his fig. 1 where particular star is denoted by ID #A and it is common in both studies). Then for each night observation, the offset values in both magnitudes were applied to the observed AIMPOL SN magnitudes.
The estimated SN 2013ej magnitudes at 6 epochs are listed in Table 1 and plotted with open square symbols (black colour) in the Fig. 4 . As it can be seen, it is very nicely following the light curve evolution pattern of the other two studies (i.e. Richmond, 2014; Bose et al., 2015) . Two vertical lines in Fig. 4 mark two important phases, the end of plateau phase (∼ 92d, with red dashed line) and beginning of nebular phase (∼105 with continuous grey line). The intrinsic polarization values of SN (P int ) are over-plotted on it with filled square symbols. It is obvious from Fig. 4 that our polarimetric follow-up observations are very unique in the sense that these data samples belongs to the crucial evolutionary phase, i.e. end of plateau phase when the hydrogen envelope is almost recombined and inner core is revealed. Furthermore, last three data points were obtained just around the beginning of nebular phase.
Since the variation pattern of the Q−U parameters does not depend to the ISP corrections therefore, it may provide a better probe to examine the simultaneous behaviour of the SN polarization (see, e.g. Wang & Wheeler, 2008 , and references therein). In Fig. 3 we have plotted the ISP subtracted polarization data of SN 2013ej on the Q − U plane where each number is indicative of data point per epoch. It is apparent from this figure that there are large error bars in our estimates which do not allow us to establish firm conclusion on the observed features of this event based on the imaging polarimetric measurements.
The morphological information about expanding SN ejecta can be directly probed by polarimetric studies (Shapiro & Sutherland, 1982; Hoflich, 1991; Wang & Wheeler, 2008) . Spectropolarimetry provides useful information about the overall shape of the emitting region and dynamical evolution of various chemical elements of the explosion. However, broad-band imaging polarimetry allow us longer follow-up coverage of bright events which may pass through important phases of their temporal evolution. A net polarization in hot young CCSNe arises due to incomplete cancelation of directional components of electrical vectors which finally reveal about possible asphericity or clumpiness in the ejecta. In a spherical source, the condition is entirely different when these vectors exactly cancelled and yield zero net polarization (see Leonard & Filippenko, 2005; Wang & Wheeler, 2008; Kasen et al., 2003) . There are couple of other processes which may cause polarization in CCSNe such as asymmetric distribution of radioactive material within the SN envelope (e.g. Hoeflich, 1995; Chugai, 2006) , aspherical ionization produced by hard X−rays from the interaction between the SN shock front and a non-spherical progenitor wind (Wheeler & Filippenko, 1996) and/or scattering by dust (e.g. Wang & Wheeler, 1996) . Chornock et al. (2010) have studied the nature of asphericity in three II-P SNe (SN 2006my, SN 2006ov and SN 2007aa) and hinted that along with several factors like progenitor mass, explosion energy and 56 Ni mass ejection may play a possible role towards the expected net continuum polarization. Among those compared objects, SN 2006ov ejected smallest amount of 56 Ni and exhibited larger degree of polarization. We revisited their findings and for this purpose collected sample of explosion energy and ejected 56 Ni mass of Type II-P SNe from the literature. These parameters are listed in Table 5 . Here, one should keep in mind that 56 Ni mass estimation procedures were different in respective studies (i.e. hydrodynamical as well as analytical). From this sample it is apparent that the amount of 56 Ni mass in SN 2013ej is comparable with SN 2004dj and SN 1999em but considerably higher than SN 2006ov (more than 6 times) and SN 2008bk (more than 2 times). We also estimated the plateau decay rate (PDR) of the existing sample in V-band light curves. PDR is expressed as the decay Bose et al. (2015) ; (2) Huang et al. (2015) ; (3) Pignata (2013); (4) (2003); (10) Phillips et al. (1990) ; (11) Arnett (1996) and (12) Utrobin & Chugai (2015) . Table 5 . Interestingly, with a value of 1.74 mag/100 d, SN 2013ej has the highest rate of plateau decay. Here we caution that the existing sample is too small to draw any conclusion about the possible correlation between the ejected 56 Ni mass and the plateau decay rate and the observed polarization evolution (see also Chornock et al., 2010) . It should also be noted that in a recent study of multi-band model of nearby well-observed Type II-P SNe Pejcha & Prieto (2015) examine the significance of the correlations between the various parameters of explosion such as plateau luminosity, nickel mass, explosion energy and ejecta mass. They advocate that Type II-P SN explosions are governed by several physical parameters which in turn reflect the diversity of the core and surface properties of their progenitors.
SN
As can be seen in Fig. 4 , although there are large error bars in polarization estimates of SN 2013ej but in general, the intrinsic polarization values show increasing trend during our observations and ranges between 0.08 to 2.14 per cent. The relatively higher degree of polarization estimated from our analysis is also supported by the spectropolarimetric observation in the early epoch where Leonard et al. (2013) have found strong polarization of about 1 per cent for this event. The maximum intrinsic polarization reached up to a level of 2.14 ± 0.57 per cent, which is significantly higher than similar Type II-P events. The PA of SN 2013ej exhibits superimposed variability during the observed period, though affected with large error bars (see Fig. 2 ). Such variations in the PA have also been noticed for other similar Type of events (e.g. Leonard et al., 2006; Pereyra et al., 2006) . Here, we caution that there are large error bars associated with our polarization measurements and also the amount of data is small. Additionally, the observed variations in the estimated values are at one sigma level and therefore, statistically insignificant.
If we examine the last three data points, it show a constant level of polarization within one sigma limit with a mean value of ∼1.7 per cent. This much level of polarization is comparable with some of the stripped envelope SNe such as SN 1993J (Hoeflich et al., 1996; Tran et al., 1997) and SN 2008D (Gorosabel et al., 2010) . It is also notable that within the error limit, SN 2006ov and SN 2013ej show similar level of polarization (Chornock et al., 2010) at later epochs. The increasing trend in the polarization light curve (c.f. Kumar et al., 2014) of SN 2013ej has been seen after the end plateau phase, whereas, in case of SN 1987A and SN 1999em such features appeared before the end plateau phase (∼40 d) and continued up to late epochs (Barrett, 1988; Jeffery, 1991b; In continuation to above discussion, it should be emphasized that continuum polarization represents the underlying explosion geometry. Line polarization features on the other hand trace the asymmetries related to the relevant chemical elements in the SN ejecta (Kasen et al., 2003; Wang & Wheeler, 2008; Dessart & Hillier, 2011b) . Local dust present around the SN could also result in optical scattering of the photons (i.e. "light echo" mechanism) which may linearly polarize the reflected light. Wang & Wheeler (1996) revisited the polarization properties of SN 1987A and favored this scenario (see also Hoeflich et al., 1996; Tran et al., 1997) . Restriction of data sample and single filter polarization analysis do not allow us to draw a definite conclusion on the geometry of SN 2013ej ejecta. Nonetheless, the contribution due to CSM interaction could be a plausible reason behind the polarization properties of this event.
Our analysis infer that possibly II-P SNe show diverse nature of ejecta. Post-plateau multi-epoch polarization data of similar events will be extremely useful which can further probe deeper into the ejecta and consequently may shed more light on the explosion geometry of these energetic events. In this context, along with existing large aperture observing facilities with spectropolarimetric capabilities (e.g. VLT, Subaru and Keck etc.), the proposed thirty meter telescope (TMT, www.tmt.org/) will provide extremely useful information about the geometry of CCSNe in the near future.
APPENDIX A: ESTIMATION OF POLARIZATION CONTAMINATION
In this section we briefly describe about our procedures to estimate the possible contaminations introduced due to diffuse background, during different phases of moon and/or seeing conditions. These effects could contribute to the polarization values in addition to those contributed by the ISP.
Initially, the SN images acquired at each epoch were aligned using imalign task in IRAF followed by preprocessing (see Section 2). We visually selected three locations A, B and C over one of these aligned images (see Fig. A1 ). These locations were chosen in such a way that A, B and C are lying nearest to farthest angular distance from the SN. Out of them B and C belong to most and least nebulous region, respectively. Generally, well isolated field stars may not have diffuse background as they are well separated from the nebulous regions (e.g. H II region). Estimation of polarization parameters at various positions (in this case A, B and C) of such star will indicate variation in these values and finally provide possible contribution of nebulous background. Therefore, we focused to field star HD 8919 which was already observed by AIMPOL with P = 0.29±0.06 (see Table 3 ). Situated at a distance of 525 pc, HD 8919 is most distant and faintest (V ∼10.07 mag, Høg et al., 2000) object in our list of field stars (c.f. Table 3 ). The corresponding four images (taken at each HWP positions) of HD 8919 and SN were co-added. It was done by imcombine task in IRAF. Then, we estimated the polarization values of this star at every epoch by applying the same offset and aperture values by which SN polarization values were estimated. The results evaluated at each A, B and C positions are overplotted in panels A, B and C in Fig. A2 . We found a mean polarization value of 0.24 ± 0.11, 0.35 ± 0.15 and 0.37 ± 0.16 for A, B and C positions, respectively. The blue coloured continuous and dashed lines in each panel respectively, indicate the mean degree of polarization and one sigma uncertainties.
We do not see significant variation in epoch to epoch values for three positions and also these are lying almost within the one sigma uncertainty limit. This suggests that resultant of nebulous background may not have significant effect on the final measurements of SN. It should be noted that although reported method may not be very accurate but could be useful to verify the background contribution for the objects overimposed to the nebulous regions. 
